Background Evaluation of regional aortic elastic properties in humans has been hampered by the need for invasive techniques to access instantaneous aortic pressure, wall thickness, and cross-sectional area or diameter. In this study, a new noninvasive method is presented for quantification of regional aortic elastic properties.
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Methods and Results Twenty-five patients were studied during transesophageal echocardiographic procedures. Measurements of instantaneous aortic cross-sectional area were obtained with an automated border detection algorithm applied to short-axis transesophageal two-dimensional echocardiographic images of the proximal descending thoracic aorta. Instantaneous aortic wall thickness was derived from combined two-dimensional targeted M-mode end-diastolic wall thickness and instantaneous aortic area measurements. Instantaneous aortic pressures were estimated from calibrated subclavian pulse tracings recorded simultaneously. Data were digitized to generate aortic area-pressure loops. Regional aortic mechanical properties were quantified in terms of compliance per unit length (C is the slope of the area-pressure T Nhe arterial system acts not only as a conduit for distribution of blood to tissues but also as a capacitor that transforms the intermittent stroke volume ejected by the left ventricle into a continuous flow, essential for metabolic exchanges at the tissue level. 1 The latter dampening effect is attributable largely to the viscoelastic properties of the aorta, which in turn greatly influence the morphology of both aortic pressure and flow waveforms.2 Although alterations of regional aortic viscoelastic properties have been identified in aging, systemic hypertension, and atherosclerosis, few clinical studies have examined these arterial mechanical characteristics in living humans.3-7 The paucity of available data is attributable to both the invasive nature of data acquisition procedures and the technical difficulties encountered in simultaneously acquiring aortic pressure, diameter, and thickness. As a consequence, in vivo evaluation of regional aortic elastic properties has been limited primarily to animals, whereas most human data have been acquired postmortem. 8-'5 Recently, attempts have been made in humans to quantify regional aortic elastic properties noninvasively by combining measurements of vessel dimensions acquired with ultrasound techniques with brachial artery pressures. [16] [17] [18] [19] [20] Most of these studies did not measure aortic wall thickness, which is required for the calculation of aortic wall stiffness21 (ie, incremental elastic modulus), probably because of the poor aortic wall definition when ultrasound images are obtained from a transthoracic approach. In the absence of wall thickness data, aortic wall stiffness has been approximated from the slope of the pressure/strain relation (ie, Peterson's elastic modulus).20'22 However, this alternative approach is inaccurate for intervessel comparisons of the elastic properties, especially in situations in which large variations in vessel radius-to-thickness ratio are noted. 21 In this study, we investigated the feasibility of quantifying regional elastic properties of the descending thoracic aorta using a new method to acquire instantaneous aortic cross-sectional area, wall thickness, and pressure simultaneously. The age-related changes in regional aortic elastic properties were also determined in this group of patients. Instantaneous aortic cross-sectional area tracing obtained with transesophageal echocardiography with automated border detection (short-axis view). The aortic area waveform was recorded simultaneously with an electrocardiogram (EKG) and a subclavian pulse tracing (SPT).
Methods

Patient Population
The study population consisted of 25 patients. 11 men and 14 women. rangineJ in age from 23 to 73 years (mean±SD. 55+ 17 years). Four patients were excluded because of either inadequate detection of the aortic area or poor quality of the subclaxian pulse tracing. Subjects x-ere studied during routine transesophageal echocardiography performed for X arious clinical indications. Fourteen patients were referred to insvestigate the presence of an intracardiac source of emboli, 6 because the transthoracic approach yielded technically inadequate images. while 5 were examined to rule out the presence of segetatixe endocarditis. Patients with sexere aortic or mitral salvular disease w-ere excluded from the study. The protocol was approxed by the Institutional Rexview Board of the University of Chicago. and informed consent was obtained in all patients before the study.
Data Acquisition
The following data were simultaneously acquired: (I) ECG. (2) calibrated subclaxian pulse tracing. and (3) instantaneous aortic cross-sectional area. In addition. a single aortic wall thickness measurement was obtained at the time of the R waxe on the ECG from two-dimensional (2D) targeted M-mode transesophageal echocardiograms of the descending thoracic aorta. An example of these data is shown in Fig 1. The ECG signal and the subclaxian artery pulse tracing were connected to the echocardiographic unit (Sonos 1500. Hewlett-Packard) sia a custom-made multichannel physiological signal module.
Instantaneous aortic pressure (P[t] mm Hg) was estimated from calibrated subclaxian pulse tracings by a previously salidated method.-Briefly. subclavian tracings were generated by use of a small plastic funnel positioned over the right subclavian artery at its point of maximal impulse in the supraclavicular fossa and connected by Silastic tubing to a strain-gauge transducer (model 03040170. Cambridge Instrument Co. nc). The pulse tracing was calibrated according to the brachial artery pressure determined with an oscillometric sphygmomanometer-based system (Dinamap vital signs monitor, model 1846 SX. Critikon nc). The maximal systolic pressure measured by the Dinamap was assigned to the peak of the tracing and the diastolic pressure to the nadir. Nonin--asive instantaneous aortic pressures were then derived throughout the cardiac cycle by linear interpolation. 234 Instantaneous aortic lumen area (A[t]. in square centimeters) was obtained with a multiplane endoscope connected to a commercially axailable ultrasound imaging system (Hewlett-Packard Sonos 1500). Before esophageal intubation. each patient received local pharyngeal anesthesia with lidocaine spray and mild systemic sedation (midazolam 0.5 to 6.0 mg IV; mean dose. 2.5 mg). After completion of the cardiac portion of the transesophageal echocardiographic examination, the aorta was visualized by rotating the shaft of the scope approximately 180 to the patient's left. The transducer was then positioned in the midesophagus. and the aorta was imaged in the horizontal plane with the array maintained at W. immediately distal to the left subclaxian artery branching point. After the quality of the short-axis images of the aorta was optimized. the backscatter-based endothelial boundarv detection system was activated and gain controls were adjusted to enhance the tracking of the aortic endothelium-blood interface. The echocardiographic system used for quantitative integrated backscatter imaging was described previously, and its application for assessment of LV function was recently validated. [25] [26] [27] Briefly, backscatter data from each ultrasound A line are integrated over a period of 3.2 microseconds and are relayed to a scan converter for on-line real-time image reconstruction. The resulting 2D backscatter image is smoothed and averaged to reduce speckling. Time-gain and lateral-gain compensation settings are optimized to improve visualization of the aortic endothelial borders. After a region of interest was traced around the aortic blood pool cavity, a software package was used to compute and instantaneously display aortic lumen area (A[t], in square centimeters) as a function of time (Fig 1) .
Aortic diameter (DR, in millimeters) and wall thickness (hR, in millimeters) were measured after the aortic backscatter study from aortic 2D targeted M-mode transesophageal echocardiographic recordings with the endoscope held in the same esophageal location (Fig 2) . The cursor was carefully placed in an area devoid of protruding atherosclerotic plaques. M-mode tracings were regarded as adequate for analysis whenever a continuous line of the posterior wall endothelium could be visualized for at least five consecutive cycles. Measurements were made at the time of the R wave of the ECG. Three consecutive beats were measured by two independent observers (interobserver variability < 15%), and results were averaged.
Data Analysis
Criteria for beat selection included (1) stability of the subclavian pulse pressure tracing with a baseline shift in diastolic pressure of <10% and (2) accurate tracking of the aortic endothelial border. Accuracy of the tracking algorithm on the aortic endothelial border was evaluated by visual inspection after proper adjustments of time-gain and lateralgain compensations.
Simultaneously acquired subclavian pulse tracings and aortic area were digitized at 200 Hz with a digitizing tablet (Bit Pad Two, Summagraphics Corp) with custom software and a personal computer. Aortic imaging was performed at a 2D frame rate of 33 Hz. Since the processing delay of the backscatter algorithm approximates the duration of one video frame, the digitized aortic area tracing was offset 30 milliseconds. For each patient, three cardiac cycles were analyzed and results averaged. Instantaneous aortic pressure and area tracings were plotted against each other to generate aortic areapressure loops.
Determination of Regional Aortic Elastic Properties
Measurements of aortic diameter and wall thickness (Mmode data) obtained at the time of the R wave on the ECG were used to calculate the "muscle area" (Am, in square centimeters) surrounding the vessel lumen ( Fig 2) 
Statistical Analysis
The relations between area and pressure as well as between C, Rm. Ein,c and age were evaluated by linear or second-order regression analysis and by calculation of Pearson's correlation coefficients. The significance of the relations was evaluated by ANOVA. An unpaired Student's t test was used to compare C, Rm, and Ein, in study subjects above and below 60 years of age, after normality of data distribution and equal variance hypothesis had been verified. Statistical significance was chosen as P<.05.
Results
Individual patient data are presented in the Table. In all patients, the aortic area-pressure relations were elliptical in shape and anticlockwise in direction (Fig 3) , as previously described. 13, 14, 28 The linear regression computed from the aortic area-pressure correlates was linear over the pressure range studied (r= .93 + .04; range, .83 to .99). Values of aortic compliance per unit length computed as the slope of this regression are presented in the Table. If is the difference between maximal and minimal aortic lumen area during the cardiac cycle and AP is the pulse pressure), results would have been similar (0.010±0.004 cm2/mm Hg for the AA/AP method versus 0.010±0.005 cm2/mm Hg for the slope method, with a mean intermethod difference of 3±7%). younger patient, denoting higher aortic compliance per unit length. The effects of aging on aortic compliance per unit length, midwall radius, and incremental elastic modulus for all patients are shown in Fig 5A, 5B, 
Discussion
Clinical assessment of regional aortic elastic properties has been hampered by the methodological difficulties encountered in simultaneously acquiring instantaneous measurements of aortic diameter, wall thickness, and pressure. This study demonstrates how automatic border detection measurements of aortic cross-sectional lumen area derived from transesophageal echocardiographic images can be used in conjunction with simultaneously acquired calibrated subclavian pulse tracings and 2D targeted M-mode measurements of end-diastolic aortic wall thickness to overcome these limitations and quantify regional mechanical properties of the human aorta. This new methodology was used to describe age-dependent changes in regional aortic elastic properties in a group of 21 patients.
Methodological Considerations Noninvasive Determination of Instantaneous Central
Aortic Pressure Instantaneous central aortic pressures were estimated noninvasively from calibrated subclavian pulse tracings. We have previously demonstrated that the morphology of subclavian pulse tracings is similar to that of high-fidelity ascending aortic pressure recordings over a wide range of ages, blood pressures, and aortic flows.232429 Pulse tracings were calibrated from upper-arm blood pressure measurements obtained with an oscillometric sphygmomanometer.23,30,31 This method of calibration has been validated against simultaneously acquired central aortic pressures in normotensive and hypertensive subjects as well as in children. 23, 32, 33 It is noteworthy that the effects of peripheral distortion and pulse wave amplification did not appear to affect the oscillometrically determined pressure values significantly in any of these studies.
Determination of Instantaneous Aortic Cross-sectional Lumen Area
Instantaneous aortic lumen area measurements were obtained by the automated border detection system described by Perez et al,2526 which analyzes the ultrasonic backscatter signal to detect blood/tissue interface in real time. 27 To date, this method has been used primarily to characterize left ventricular performance and contractility. 25,34'35 In this study, we applied the same algorithm to transesophageal short-axis views of the descending aorta to obtain instantaneous aortic cross-sectional lumen areas. The anatomic proximity between the aorta and the multiplane transesophageal transducer allowed acquisition of optimal short-axis views of the proximal descending thoracic aorta. To optimize the aortic endothelial border detection, it was necessary to properly adjust the overall gain and nearfield time-gain compensations. Gain adjustments were considered optimal when the tracking line closely followed the real-time endothelial border motions. Because automated border detection processing is based on sampled measurements performed at the end of each acoustic frame, there is a variable time delay between aortic pressure and area signals. 25 The exact delay is currently difficult to determine with accuracy, but it never exceeds the duration of one echocardiographic frame. By default, we assigned a fixed offset to the pressure waveform equivalent to 30 milliseconds, corresponding to the duration of one frame when operating at 33 Hz. Despite this arbitrary offset, the morphology and direction of the area-pressure loops were physiological and similar to those described with invasive methodology.13.1428 Estimation of Instantaneous Aortic Wall Thickness Until recently, acquisition of instantaneous aortic wall thickness in vivo was technically difficult. This hampered the determination of aortic midwall stress required for the computation of incremental elastic modulus, a measure of arterial wall stiffness. This study is the first to combine transesophageal M-mode measurements of end-diastolic aortic wall thickness with instantaneous lumen aortic area obtained with the aid of the automated border detection algorithm to calculate instantaneous aortic wall thickness. The physical assumptions required for this calculation include incompressibility of the aortic wall and minimal longitudinal aortic deformation during the cardiac cycle, both of which have been demonstrated previously. 36, 37 Since aortic wall thickness values are small (; 1.7 mm, Table) , these measurements were performed by two independent observers. Less than 15% interobserver difference was noted; therefore, the average of these two measurements was used for subsequent calculations. Furthermore, Slama et a138 recently validated the use of transesophageal echocardiography (5 MHz probe) for measurements of aortic wall thickness. These authors compared thicknesses obtained by histological measurements with those obtained with a transesophageal probe in human thoracic aortic specimens and found an excellent agreement between the two methods (r=.94; bias, -0.09 mm; precision, 0.19 mm or 11%). Their in vitro values (1.7+0.25 mm) are similar to our in vivo measurements (1.7±0.3 mm, Table) . We performed a numerical simulation to determine the influence of errors in wall thickness measurements on Eic calculations. With typical values of blood pressure (maximum, 120 mm Hg; minimum, 80 mm Hg), aortic areas (maximum, 3.4 cm2; minimum, 2.6 cm2), and aortic wall thickness (1.7 mm), 10%, 15%, and 20% errors in wall thickness result in 7%, 11%, and 15% errors in Einc, respectively. Aortic Geometric and Elastic Properties: Comparison With Previous Studies Regional aortic compliance is governed primarily by the geometry of the vessel (radius and wall thickness) and stiffness of the wall, both of which can be individually assessed with the methodology described in this study. Until recently, direct measurements of regional aortic stiffness have been performed almost exclusively on excised aortic strips or in animal experiments using ultrasonic crystals.3"0-'4 In humans, aortic distensibility has been inferred primarily from noninvasively acquired pulse-wave velocity. 39-4' Although this index has the properties of the aorta, it provides only an indirect estimation of the overall distensibility of the aortic segment where the pulse-wave velocity was measured.
The Unlike previous noninvasive methods, our methodology provides the data required to obtain instantaneous aortic pressure/dimension relations "on line." As reported with invasive techniques, aortic area-pressure loops were elliptical and anticlockwise.814,28 The areapressure loops demonstrated hysteresis between systole and diastole, reflecting the viscoelastic properties of the aortic wall. The area contained within the loop represents the energy dissipated locally as the blood column ejected by the left ventricle moves forward into the vasculature. The above-mentioned methodological limitations have limited our full understanding of the physiological information contained in the area-pressure loops. Aging 
and Aortic Elastic Properties
Age-related changes in arterial elastic properties have been described previously. 40, 4344 In agreement with earlier reports, this study found an inverse relation between compliance per unit length and age. To assess the independent effect of age on Rm and Ein,, we compared values obtained in individual subjects at a common level of aortic wall stress. By this approach, aortic radius appeared to be loosely correlated with age and incremental elastic modulus strongly correlated with age. The age-Ei.c relation followed a nonlinear function with a marked increase in the steepness of the slope after the age of 60 years. Interestingly, Isnard et al19 failed to observe a correlation between age and aortic arch stiffness measured as Ep in a cohort of normotensive patients. The probable explanation for this discrepancy is that the patients reported by Isnard were all <52 years old, a range of age over which EinC appears to remain relatively constant. Indeed, this considerable increase in aortic wall stiffness at ages >60 years results in decreased compliance per unit length despite the increase in aortic midwall radius. Dilation of the vessel without a change in wall stiffness should have resulted in increased compliance.
Perspectives
Recently, a data-port option that provides an electrical analog output of the automated border detection signal has been incorporated into the ultrasound machine to allow direct digitization of the area tracing. This port allows on-line acquisition of aortic area and pressure data, thus avoiding cumbersome manual digitization of data. Our most recent results from this computer-based method are similar to those obtained "manually" in this study.
In summary, assessment of regional elastic properties of the aorta is now possible in patients by use of the combination of transesophageal echocardiography with automated border detection and calibrated subclavian pulse tracings. The relatively noninvasive character of this approach allows serial measurements and may provide insights into the physiopathology of aging or disease states such as hypertension, atherosclerosis, and Marfan's syndrome.
